publicado na web em 06/06/2016 In the present article the theoretical calculation of thermodynamic parameters for the two main precipitation agents, potassium 2-ethylhexanoate and t-octylamine, employed by the pharmaceutical industry to obtain potassium clavulanate for clinical use, is described. The results obtained using the standard thermochemistry calculation in the Gaussian package and by calculation of the reactivity indexes of the reagents and products are compared. The calculated thermodynamic parameters indicate that the reactivity indexes present a better correlation with the experimentally obtained percentage yield. In addition, a series of additional precipitation agents that are also used in industrial procedures to obtain potassium clavulanate for clinical use, were compared. This was done to verify if any present, a priori, better properties than potassium 2-ethylhexanoate or t-octylamine. The consistency of the reactivity indexes calculated clearly suggests that the methodology employed can be used to screen future precipitation agents for possible use in the production of potassium clavulanate.
INTRODUCTION
Clavulanic acid (CA) is a β-lactam compound, which consists of a β-lactam ring condensed to an oxazolidin ring; it is a secondary metabolite isolated from Streptomyces clavuligerus, which inhibits most class A β-lactamases, has low activity against class C cephalosporinases and is inactive against class B Zn 2+ methaloenzymes. Combinations of CA with a broad-spectrum antibiotic are in clinical use to combat a wide range of infections. [1] [2] [3] [4] Amongst the possible purification methodologies, the precipitation reaction is one of the best options to obtain CA. One procedure is to react CA with potassium 2-ethylhexanoate in the solvent-rich phase (i.e. after cell removal) and the resulting clarified broth is acidified to pH values between 2 and 3. CA is then extracted using organic solvents such as ethyl acetate and the salt is formed. 5, 6 Another process involves a process in which a stable CA intermediate is formed that is subsequently converted to potassium clavulanate using potassium 2-ethylhexanoate. [7] [8] [9] [10] [11] [12] [13] [14] Hirata et al. 14, 15 carried out both precipitation reactions referred to above, i.e., the direct reaction between CA and potassium 2-ethylhexanoate and the indirect reaction between CA and t-octylamine. Both reactions were performed using the cultivation broth to produce CA, using ethyl acetate as the solvent. The authors report that the reaction to produce the intermediate using t-octylamine presents higher selectivity when compared to the direct reaction between CA and potassium 2-ethylhexanoate. The authors explain that this is because the direct reaction also precipitates large amounts of impurities together with potassium clavulanate. It was also observed that the reaction with t-octylamine, in addition to releasing potassium clavulanate with high purity, also led to a higher percentage yield and high quality crystals. These results indicated that the reaction with the intermediate formation is the best for reproduction on an industrial scale.
Based on the results reported by Hirata et al. 14, 15 this study aims to calculate the theoretical thermodynamic and electronic properties involved in both reactions to verify if these parameters correlate with the experimental data reported. Thus it is possible to define, from a thermodynamic point of view, which of the two options is most attractive. In addition, the results of the electronic studies open up research possibilities for other reagents, with the aim of understanding their impact on the efficiency of the process.
EXPERIMENTAL
In order to calculate the thermodynamic parameters -standard molar enthalpy variation (∆H°, kcal/mol) and standard molar Gibbs energy variation (∆G°, kcal/mol), the Zero Point Energy approximation methodology (ZPE) described by Ochterski 16 was used. In a previous study by the present authors, the Hartree-Fock-Roothaan method (HF) employing 6-31G (d,p) basis set was demonstrated to be an adequate method to describe clavulanic acid geometry. 17 Although the structures were also fully optimized using Density Functional Theory (DFT) with B3LYP functional and employing 6-31G (d,p) basis set in order to take account the electron correlation factor in the properties studied. All calculations were performed using the Gaussian G03 program. 18 In this methodology, the frequency calculations of the HF/6-31G (d,p) and DFT B3LYP/6-31G (d,p) optimized structures are made with the reagents and products and the results of ε 0 +H corr and ε 0 +G corr are used to obtain the thermodynamic parameters, according to the following equations:
The electronic properties selected to evaluate were:
• The energies of the frontier orbitals HOMO (ε HOMO ) and LUMO (ε LUMO ): these descriptors are related to the electron acid or base character of a given compound. 19 • Absolute hardness (η): this property is resistance of the chemical potential to change in the number of electrons.
• Electronic chemical potential (μ): it measures the escaping tendency (or fugacity) of electrons from the atomic or molecular system.
• Absolute electronegativity (χ): it is a chemical property that describes the tendency of an atom or a functional group to attract electrons (or electron density) towards itself.
• Electrophilicity index (ω): this property is a descriptor of reactivity that allows a quantitative of the electrophilic nature of a molecule. The calculation of the last four properties employs five different equations 20, 21 that have ε HOMO and ε LUMO as variables, e.g., μ = (ε LUMO -ε HOMO )/2.
To account for the solvent effect of ethyl acetate (the solvent used experimentally), single point energy calculation were performed using the Polarized Continuum Model (PCM) 22 at both HF 6-31G (d,p) and DFT B3LYP 6-31G (d,p) levels. For these calculations, the GAMESS free program was used 23 and the same electronic properties described before were evaluated.
RESULTS AND DISCUSSION

Study of the theoretical thermodynamic properties
The reactions shown in Figure 1 were considered for this study. In the direct reaction CA (1) reacts with potassium 2-ethylhexanoate (2) to produce potassium clavulanate (3) and 2-ethylhexanoic acid (4), this is a typical acid-base reaction, where CA is an acid and 2-ethylhexanoate is a base. In the indirect reaction, CA (1) reacts with t-octylamine (5) to produce a stable intermediate (5'), which reacts with potassium 2-ethylhexanoate (2) to produce potassium clavulanate (3), t-octylamine (5) and 2-ethylhexanoic acid (4), this is a typical acid-base reaction as well, where acids and bases are indicated in Figure 1 . The results obtained from the frequency calculation for the reagents and the products of both reactions are shown in Table 1 .
Following Ochterski′s methodology 16 and applying the values obtained from the frequency calculations in equations 1 and 2, the ∆H o and the ∆G o in Table 2 were calculated. The ∆G o value indicates if a certain reaction is thermodynamically spontaneous or not, if the reaction present a high ∆G o value and negative, this indicates that the reaction is product favored, and the 
By the analysis of the ∆G o values in Table 2 , it is possible to observe that for the calculations using Hartree-Fock 6-31G (d,p) and DFT B3LYP/6-31G (d,p) optimized structures there is no difference in the values of the calculated thermodynamic properties for the direct and indirect reactions. It can also be observed and there is no significant difference between the two methodologies employed. It was thought that the electron correlation factor, which is included in the DFT method, would give an important difference in the thermodynamic properties, but this was not observed. It may be involved with the formalism of Ochterski′s methodology, 16 which may not be appropriate to the systems studied here.
Taking into account the other precipitation agents (Figure 2 ), compounds (6')-(15'), the ∆G° values calculated using Hartree-Fock 6-31G (d,p) and DFT B3LYP/6-31G (d,p) methodologies, presented in Table 2 , for the indirect reaction also do not present any differences.
Quantum properties studied and solvent effect
With the intention of verifying if the reactive indexes correlate with the theoretical thermodynamic results, the aforementioned reactivity parameters were calculated for Hartree-Fock 6-31G (d,p) and Density Functional Theory B3LYP 6-31G (d,p) optimized structures. The energies of the frontier orbitals, ε LUMO and ε HOMO , and the reactivity indexes χ, η, µ and ω calculated with and without solvent effect are given in Table 3 .
Analyzing only the left side of both direct reaction and indirect reaction (Figure 1 ), in the first reaction CA is acid and potassium 2-ethylhexanoate is a base. In the indirect reaction, the intermediate formed by CA and t-octylamine is an acid and 2-ethylhexanoate is a base. The difference between direct and indirect reactions is the acid. When different acid base reactions with the same base are compared, the reaction more product favored is the one that presents the strongest acid, and a compound with strong acidic character tends to have higher χ, η, µ and ω values, and lower ε HOMO and µ values.
Considering all these aspects and analyzing the data shown in Table 3 , it is observed that the acids formed by CA and the precipitation agents, compound (5')-(15'), have higher χ, η and ω values and lower ε HOMO and µ values than CA, compound (1)* in all methodologies, Hartree-Fock 6-31G (d,p) and B3LYP 6-31G (d,p) including or not the solvent effect, used to calculate these reactivity indexes.
Considering Hartree-Fock 6-31G (d,p) methodology not including solvent effect for the compounds (6)-(15'), they have χ, η, and ω values equal to 1.85 eV, 6.43 eV , 0.25 eV, respectively, or higher, and ε HOMO and µ values equal to -8.52 eV and 1.89 eV, respectively, or lower. Considering the same methodology for the compounds (1)*, it has χ, η, ω, ε HOMO and µ values equal to -1.28 eV, 6,56 eV, 0.12 eV, -5.26 eV and 1.28 eV, respectively. Evaluating and comparing χ, η, ω, ε HOMO and µ values for the compound (5')-(15') and compound (1)*, considering the results of Hartree-Fock 6-31G (d,p) methodology, not including solvent effect and the others three methodologies in Table  3 , indicates that the compounds (5')-(15') are stronger acids than CA. This factor contributes to the indirect reactions that use precipitation agents, to be product favored.
This study corroborates the studies of Hirata and coworkers, 14, 15 where the authors concluded that the indirect reaction is appropriate for application as the last step in the CA fermentation broth purification process. It is also suggested that this reaction promotes purification without causing CA degradation, increases reaction Vol. 39, No. 8 stability without forming oils, colloids or incrustations, and allows for a broader operational range, thus favoring an industrial scale application.
Figure 2. Precipitation agents used to obtain a stable amine intermediate of CA
CONCLUSIONS
Finally, it is possible to say that the quantum reactive indexes show direct correlation with the higher spontaneity of the indirect reaction for HF and DFT methods. From the quantum reactive indexes values (χ, η, ω, ε HOMO and µ), it is possible to say that one characteristic is necessary to have a higher percentage yield: more acid character of the compounds formed by CA and the precipitation agents (when compared to CA). As very consistent results have been obtained in this work for the main and also for other precipitation agents, in the future these theoretical properties could be useful to evaluate new precipitation agents. This would economize time and, most important, reagents and equipment, improving the industrial process.
